Introduction
The topographic effect has long been recognized as a problem for quantitative analyses of remotely sensed data (Teillet et al., 1982; Ekstrand, 1996; Tokola et al., 2001) , therefore, topographic correction has become one of the important image preprocessing steps in the application of remotely sensed data in mountainous regions. Common atmospheric calibration models, such as the 6S (Second simulation of the satellite signal in the solar spectrum) model (Vermote et al., 1997) and image-based dark object subtraction models (Chavez, 1996) , are based on the assumption that the surface is a flat horizon with a cloud-free atmosphere. These models can eliminate the impacts caused by sensor instruments, solar irradiance, solar zenith angle, atmospheric scattering, and absorption, but cannot eliminate the topographic impacts. In order to reduce topographic effects on remotely sensed data,
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Dengsheng Lu, Hongli Ge, Shizhen He, Aijun Xu, Guomo Zhou, and Huaqiang Du considerable research with Thematic Mapper (TM) and Satellite Probatoire d'Observation de la Terre (SPOT) data has been conducted in mountainous areas (Teillet et al., 1982; Jones et al., 1988; Leprieur et al., 1988; Civco, 1989; Itten and Meyer, 1993; Meyer et al., 1993; Sandmeier and Itten, 1997; Gu and Gillespie, 1998; Gu et al., 1999; Allen, 2000; Tokola et al., 2001; Blesius and Weirich, 2005; Gitas and Deverux, 2006) . Methods used for reducing topographic effects include (a) band ratio (Holben and Justice, 1980) , (b) topographic correction models, such as Minnaert correction model and statistical-empirical approach (Civco, 1989; Colby, 1991; Allen, 2000; Bishop and Colby, 2002; Riano et al., 2003) , (c) integration of digital elevation model (DEM) data and remote-sensing data (Walsh et al., 1990; Franklin et al., 1994) , and (d) a combined correction model of atmospheric and topographic effects (Conese et al., 1993; Richter, 1997; Sandmeier and Itten, 1997) . Although different approaches have been used for topographic correction in previous research, an effective approach to reduce topographic effects is not available. Topographic effects result from the differences in illumination due to the position of the sun and the angle of the terrain. This causes variation in brightness values. A steep slope often produces serious shadows in the aspect facing away from the sun resulting in significant variation of illumination for areas with different slopes and aspects. A simple approach to reduce the topographic effects is to use the cosine model (Jensen, 1996) , which assumes that the surface reflects incident solar energy uniformly in all directions, i.e., a Lambertian reflector. Any variations in land surface reflectance are caused by the amount of incident radiation. However, the cosine model only models direct irradiance of a pixel on the ground. It ignores diffuse sky light that may weakly illuminate a shadowed area. This implies that weakly illuminated areas in the terrain receive a disproportionate brightness when the cosine model is applied. Teillet et al. (1982) noted that the cosine model is not particularly useful in areas of steep terrain where incident angles may approach 90°. Allen (2000) also indicated that shaded and weakly illuminated slopes may appear white, and almost all north-facing slopes become over-illuminated using the cosine model. An alternative way to account for non-Lambertian behavior is the use of a Minnaert-correction model which makes use of a Minnaert constant k. However, the k value depends on the nature of land-cover, topographic factor, and wavelength. In areas with large incident angles, the k value can prevent a division by small values, thereby evading overcorrection as in the cosine model .
Different ways for computing k value have been developed. A simple way is to use a single global k value for an entire image, which is used in most previous research (Colby and Keating, 1998; Garcia-Haro et al., 2001; Mitri and Gitas, 2004; Gitas and Deverux, 2006) based on the assumption that the anisotropic nature of reflectance is homogenous over the study area. However, this assumption is not valid because the topographic effects and land-cover variations generate k variation spatially (Bishop and Colby, 2002) . In reality, a global k value cannot result in accurate correction for all slopes and aspects (Ekstrand, 1996; Bishop and Colby, 2002 ) because of differences in topographic impacts on the land surface reflectance. The second approach for k computation is related to land-cover classes, assuming that land covers have strong influences on anisotropic reflectance (Bishop and Colby, 2002; Bishop et al., 2003) . Three landcover classes (snow, vegetation, and non-vegetation) are first classified with an unsupervised method based on the normalized difference vegetation index (NDVI) image. The classes are then used as stratifications, and k values are developed based on each class (Bishop and Colby, 2002; Bishop et al., 2003) . A similar approach for computation of multiple k values is based on the stratification of such zones as relative flat regions and mountainous regions (Blesius and Weirich, 2005) .
In addition to the Minnaert correction method, other models have also been explored in previous research. For example, the statistical-empirical approach assumes that differential illumination is the same for all cover types and a linear relationship exists between illumination and spectral reflectance (Teillet et al., 1982; Allen, 2000) . Teillet et al. (1982) introduced an additional adjustment to the cosine function called the C-correction model, which the constant C was used to weaken overcorrection of faintly illuminated pixels. Riano et al. (2003) reviewed the major approaches for topographic normalization related to Lambertian and nonLambertian assumption. A combined correction model of atmospheric and topographic effects (Conese et al., 1993; Sandmeier and Itten, 1997) has been also used for topographic correction, such as the atmospheric and topographic correction (ATCOR) model. A detailed description of this model is provided by Richter (1997) .
An evaluation of the topographic correction result is often required in order to understand the performance of the methods which are used for reducing topographic effects. Riano et al. (2003) summarized four possible methods, i.e., analysis of changes in spectral characteristics, graphic analysis of reflectance before and after topographic correction, standard deviation for each class, and the accuracy comparison of classification images. Most of previous research in evaluating the topographic correction effects is based on the comparison of classification accuracies between before and after topographic correction. Some research has indicated that topographic correction is helpful in improving classification accuracy (Civco, 1989; Meyer et al., 1993; Tokola et al., 2001) , but other research did not show the capability in improving the classification accuracy (Blesius and Weirich, 2005) . In reality, many factors may affect the classification accuracy. Thus, classification accuracy is not a good indicator for the evaluation of topographic correction effects (Bishop and Colby, 2002) . Another approach is based on semivariogram analysis (Bishop and Colby, 2002; Bishop et al., 2003) based on the assumption that spectral variation within the same land-cover should be reduced after topographic correction.
To date, topographic correction is still a challenge, and no universal approach is available yet. The Minnaert correction method is most frequently used in previous research, but a single global Minnaert value has demonstrated its poor ability in reducing the topographic effects. Another challenge is the assessment of topographic correction results. Hence, the objective of this paper is to develop a pixel-based Minnaert coefficient image for topographic correction of Landsat ETMϩ image in a mountainous region in Zhejing, China, and to explore a texture based approach for evaluation of the topographic correction effects.
Study Area and Dataset
The study area is located in Lin'An County, northwest Zhejiang province, China (Figure 1 ). The terrain undulates greatly, ranging from a highest elevation of 1,787 m in northwest to a lowest elevation of 9 m in east of Lin'An County. The elevations in northwest and southwest mountainous areas are often greater than 1,000 m, but they are less than 50 m in the plain in the east part of this county. In the selected study area, the highest elevation is 1,580 m with an average value of 360 m. The majority of slope is less than 50 degrees with an average value of 21.5 degree (Figure 2 ). The complex topographic condition in this study area is ideal for understanding the topographic impacts on landcover reflectance and for exploring topographic correction methods to reduce the topographic effects.
Digital elevation model (DEM) data with 25 m spatial resolution and a Landsat-7 enhanced Thematic Mapper Plus (ETMϩ) image (path/row: 119/39), which was acquired on 26 May 2003 cloud-free were used in this research. The solar azimuth and elevation angles were 133.49 and 52.20 degrees, respectively, when the ETMϩ image was captured. The ETMϩ image was rectified with 37 control points which were collected from 1:50 000 topographic maps. The root mean square error (RMSE) was 0.4802 (x: 0.3447, y: 0.3343) pixels. A nearest-neighbor algorithm was used to resample the ETMϩ image into a pixel size of 25 m by 25 m in order to match the spatial resolution of selected DEM data. After geometric rectification, the ETMϩ digital numbers were converted to at-sensor reflectance with an apparent reflectance model (Markham and Barker, 1987; Chavez, 1989) in order to eliminate the impacts of sensor instruments and solar zenith angle.
Methods
The Minnaert correction method is frequently used in previous research, and thus is tested in this research. The Minnaert correction model can be expressed as Equation 1: (1) where L H is the equivalent reflectance on a flat surface with incident angle of zero, L T is the measured radiance in the remotely sensed data, k is a Minnaert constant, e is slope, and i is the solar incident angle in relation to the normal of a pixel. The cosine of the incident solar angle (cos i), referred to as illumination, is calculated using Equation 2 (Holben and Justice, 1980; Smith et al., 1980) : (2) where u and f m are solar zenith angle and azimuth, and e and f s are slope and aspect of the terrain. In order to solve k, Equation 1 can be reorganized as Equation 3:
(3) log(L T cos e) ϭ log L H ϩ k log(cos e cos i). This formula indicates that the k value is equivalent to the slope of a regression line. Thus, the k value can be found from the regression analysis for each band based on the selected sample data Jensen, 1996) . Equations 2 and 3 indicate slope, aspect, solar zenith angle, and azimuth are the required parameters used in the Minnaert correction model. The DEM data are used to compute slope and aspect images. The solar zenith angle and azimuth are from the ETMϩ metadata. The above four parameters are used to compute illumination (cos i) with Equation 2. The ETMϩ image, illumination, and slope images are then stacked into one file. Sample data are extracted at every ten pixels from the entire image on the stacked file. After the samples with slopes less than one degree are removed, a total of 67,008 samples are used for the development of Minnaert coefficients for each band. The selected samples are separated into 10 groups based on slope ranges, as shown in Table 1 . Because very limited samples have slopes greater than 50 degrees, the samples with slopes greater than 45 degrees were merged as the tenth group. A regression analysis based on Equation 3 is conducted for each slope group in order to develop the k value for each ETMϩ band corresponding to each slope group.
A scatterplot between computed k values and the middle values in the slope ranges is first explored to examine their relationships (Figure 3) . Because of the nonlinear relationships illustrated in Figure 3 , nonlinear algorithms, such as logarithmic, exponential, and polynomial, are tested where k is used as a dependent variable, and slope as an independent variable. The coefficient of determination (R 2 ) is used as an indicator for the selection of best models.
When the slope is less than one degree, no topographic effect on land surface reflectance is assumed; thus, no topographic correction is conducted. When the slope is greater than 50 degrees, no specific k values are developed because of the limited number of samples. So with pixels with slopes of greater than 50 degrees, the k value derived from slope of 50 degrees is used with the consideration of model limitation in extrapolation. After the model for each band is developed, this model is then used to estimate the k image for each band. Equation 1 is finally used to correct the topographic effects for each band.
The evaluation of topographic correction results is conducted based on texture images, which are derived with the homogeneity texture measure and a window size of 5 pixels by 5 pixels for each corrected image. The homogeneity texture measures the spectral variation within the selected window size. The higher homogeneity values represent less spectral variation within the window size. Because topographic correction reduces the topographic effects on the surface reflectance, the spectral variation within the same land-cover in the topographic correction result should be decreased. The homogeneity is calculated with Equation 4: where V i,j is the value in the cell i, j (row i and column j) of the moving window, and n is the number of rows or columns. In order to explore the effects of slope on topographic correction results, a mean homogeneity value for each slope is calculated with Equation 5: (5) where M s is the mean value of homogeneity at the slope s, and N is the number of samples in the slope s. Higher M s values indicate more homogenous. A scatterplot illustrating the relationship between M s and slope is then used to assess
HOM si /N the topographic correction effects through a comparison of before and after topographic correction images.
Results
The Minnaert k value is wavelength-dependent and related to slopes. As Figure 3 shows, the k value has a similar trend for each band, i.e., the k values decrease as slope increases with nonlinear trends. The k values decrease rapidly in the slope ranges between 1 and 15 degrees, and then gradually become stable when slopes are in the ranges of 15 to 35 degrees, and finally decrease slightly when slopes are greater than 35 degrees. This trend confirms that a single global k value is not suitable for an entire image, especially for the areas with very low or very high slopes, because of different impacts of topographic conditions on the remotely sensed data. Generally, k value increases as wavelength increases, as band 1 has lowest k values and band 7 has highest k values at the same slope.
A comparison of different nonlinear regression models, such as logarithmic, polynomial, and exponential, indicates that the polynomial regression models can successfully simulate the trend of k values as the slope changes for each ETMϩ band, which the coefficient of determination (R 2 ) are greater than 0.99 for each band (Figure 4) . Therefore, a pixelbased k image is developed with the polynomial regression model for each band. Figure 5 provides an example of a k image for ETMϩ band 5. The flat areas, such as urban, agricultural lands, and water have high k values, but steeper slopes result in lower k values. A lower K value can reduce the topographic effects, especially for those areas with steep slopes. With the developed k image for each band, as well as the images of cos e and cos i, the topographic correction for each ETMϩ band is then conducted with Equation 1. Figure 6 provides part of the study area with color composites (i.e., ETMϩ bands 4, 5, and 3 as red, green, and blue) as a comparison of before and after topographic correction. Visual examination of the images indicates that the topographic effects have been significantly reduced with the pixel-based Minnaert correction model. Figure 7 provides a quantitative evaluation of topographic effects for each ETMϩ band through a comparison of the mean homogeneity values between before and after topographic correction. For ETMϩ bands 1, 2, 3, and 7, the mean homogeneity values increases gradually as slopes increase, especially when slopes are less than 30 degrees. The areas with gentle slopes are mainly in residential areas and agricultural lands. These areas are often very complex because of the mixture of buildings, trees, and grasses in residential areas, and different crops or cash trees with small sizes and shapes in agricultural areas. As slopes increase, different types of vegetation dominate in the mountainous areas, thus, the vegetation reflectance becomes more homogenous in these bands. An interesting occurrence is that the mean homogeneity value is somewhat independent of slopes in bands 4 and 5. In gentle slopes, the heterogeneous landscape in residential areas and agricultural lands makes less mean homogeneity values in land-cover reflectance in near-infrared (NIR) and shortwave infrared (SWIR) bands. As slopes increase, different vegetation stand structures and species composition also cause less homogeneity because of the greater reflectance differences in NIR and SWIR images.
A comparison of the mean homogeneity values between before and after topographic correction shows that the mean homogeneity values are higher in the ETMϩ bands 1, 2, 3, and 7 after topographic correction than the corresponding bands before topographic correction. This indicates that topographic correction is effective in reducing the topographic influences on the derived apparent reflectance (thus, also implicitly on derived surface reflectance) because these bands usually have less spectral variations. In contrast, the mean homogeneity values in bands 4 and 5, especially band 4, decreased after topographic correction comparing with the before topographic correction image. This is because the topographic impact in gentle slopes (less than 15 degrees) is not an important factor in affecting land-cover reflectance. Thus, topographic correction for gentle slopes does not reduce the heterogeneity in bands 4 and 5. As slopes increase, the impacts of topographic slopes result in reduced vegetation reflectance and decrease the heterogeneity, even between different vegetation types. Therefore, one consequence of the topographic effects in mountainous areas is the difficulty in quantitative analysis of the vegetation types, such as vegetation classification. After topographic correction, the topographic impacts on the vegetation reflectance are decreased, thus highlighting the reflectance differences among different vegetation stand structure and species composition, and resulting in the improvement of classification performance of vegetation types after topographic correction. So the mean homogeneity values after topographic correction are decreased in ETMϩ bands 4 and 5. When slopes are greater than 50 degrees, the mean homogeneity values become unstable because the k values with slopes of greater than 50 degrees are replaced with the k value at slope equal to 50 degrees. Higher slopes result in more severe topographic effects on the land-cover reflectance.
Discussion
In the Minnaert correction method, one critical element is to determine the k value. In previous research, a single global k value is the common way used for topographic correction for an entire image. This method is simple and easy to implement, but a single global k value has demonstrated a problem in correcting the topographic effects, especially in those areas with steep slopes, because the k value is dependent on the land-cover class and topographic conditions. Thus, multiple k values corresponding to land-cover classes have been used (Bishop and Colby, 2002; Bishop et al., 2003) . However, different topographic slopes have various impacts on the land-cover reflectance. Hence, a single k value corresponding to a land-cover type cannot effectively reduce the topographic effects either. A pixel-based k image, which is developed based on the relationships between k values and slopes, has shown more advantages in improving the topographic correction performance than a single k value or multiple k values. Considering the interactions of k, land-cover, and topographic conditions, the development of a pixel-based k image based on a combination of land covers and slopes may be the future direction in the topographic correction.
The selection of algorithms for development of k values is also important. The polynomial regression analysis used in this research can closely simulate the k trend within the data range, but has problems in extrapolation for the areas with high slopes when the slopes are beyond the range of selected samples. In this case, different models may combine, for example, use of polynomial model for estimation of k values with relative low slopes and use of exponential models for high slopes.
The evaluation of topographic correction results is an important part, but no universal approaches have been used in previous research. Many researchers evaluated the topographic correction success with the assistance of classification accuracies. The improvement of classification accuracy can be attributed to different factors, such as the selected classification algorithm, the image processing procedure used, the complexity of vegetation types and structures, and topographic impacts. An important reason that topographic correction can improve classification accuracy is that topographic correction reduces the topographic effects on the vegetation reflectance, and highlights the differences among different vegetation types or structures. Some previous research for evaluation of topographic correction effects using semivariogram or standard deviation is based on the assumption that topographic correction reduces the spectral variations. This assumption may be true for visible bands, but may be not true for NIR and SWIR images, especially in the vegetated areas with steep slopes and vegetation covers of different types.
Conclusions
Previous research has indicated the drawback of using a single global k value in topographic correction, but no effective approaches have been developed. This research develops a new approach for calculation of a pixel-based k image based on the relationship between k and slope and uses a homogeneity approach to evaluate the topographic correction result. This research has demonstrated the promising in using the pixel-based approach for topographic correction in a mountainous region. The homogeneity-based approach used in this research can be used to explain the topographic effects on the land-cover reflectance. More research is needed to develop the pixelbased k coefficient image for each band based on a combination of land covers and topographic slopes.
